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Voltage and Calcium Coupling in the Genesis of Cardiac Afterdepolariza-
tions
Zhen Song1, Alain Karma2, Hrayr S. Karagueuzian1, James N. Weiss1,
Zhilin Qu1.
1Department of Medicine (Cardiology), David Geffen School of Medicine at
UCLA, Los Angeles, CA, USA, 2Physics, Northeastern University, Boston,
MA, USA.
Early (EADs) and delayed (DADs) afterdepolarizations are triggers of cardiac
arrhythmias. While DADs are caused by spontaneous Ca releases, EADs can
originate from either voltage oscillations or Ca oscillations. In addition, in
many situations, both EADs and DADs occur simultaneously. However,
voltage and Ca are bi-directionally coupled, how this coupling affects EADs
and the interactions between EADs and DADs are not well understood. Here
we use an action potential (AP) model of ventricular myocytes with detailed
spatiotemporal Ca cycling regulation to investigate the effects of voltage-Ca
coupling on EAD and DAD genesis and their interactions. We increased the
Ca window current or the late Na current to promote voltage oscillations and
changed the RyR leakness and SERCA pump activity to promote Ca oscilla-
tions. By scanning the parameter space of voltage and Ca cycling, we found
that: 1) EADs can be caused by either voltage oscillations or Ca oscillations.
Ca oscillations also promote DADs and triggered activity; 2) An EAD can
result from a secondary Ca release event due to transient SR Ca overload
caused by very fast Ca re-uptake and/or a lengthened AP; when AP is short,
this secondary release results in a DAD; 3) For certain parameters, partially de-
coupling voltage and Ca by removing the Ca-dependence of IKs suppresses
both EADs and DADs, indicating that Ca and voltage interact synergistically
to promote EADs and DADs; and 4) Ca oscillations are markedly reduced
under voltage clamp conditions, further suggesting that Ca oscillations and
voltage oscillations promote each other in a synergistic manner. In conclusion,
the coupling of voltage and Ca promotes the formation of EADs and DADs and
generates large amplitude EADs that are arrhythmogenic.
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Correlation between Ventricular Repolarisation Patterns and T-Wave
Generation in Isolated Rabbit Hearts using Panoramic Imaging
Andrew Allan, Godfrey Smith, Francis Burton.
University of Glasgow, Glasgow, United Kingdom.
It is generally accepted that the normal T-wave is the manifestation of repolar-
isation gradients in the ventricles of the heart in an endocardial- epicardial di-
rection. However, several studies contradict these findings, attributing T-wave
polarity to apico-basal and/or interventricular repolarisation gradients. Conse-
quently, the mechanisms responsible for the T-wave under both normal and
pathological conditions remain unclear. In this study, isolated Langendorff-
perfused rabbit hearts (37oC) were suspended in a customized chamber contain-
ing a frame that allowed the heart to be rotated to5120 from a central posi-
tion. Epicardial voltage was monitored by staining the heart with voltage
sensitive dye (di-4-ANEPPS). Illumination at 480nm was provided by an array
of LEDs (OptoLED, Cairn Research Ltd.). Emitted fluorescence was collected,
filtered with 590nm long-pass filter and focused on a CCD chip (Redshirt Im-
aging, Decatur, GA) which acquired images (80x80 pixels) every 1ms. Record-
ings were made from 3 sides to obtain a panoramic map of cardiac electrical
activity. Simultaneously, pseudo-ECG recordings (equivalent to Lead I) were
recorded while pacing via electrodes placed on the right atrium. Epicardial ven-
tricular repolarisation patterns were correlated to corresponding ECG record-
ings. In contrast to some previous studies, less than 5% of the epicardium
(right and left ventricles) was repolarised by the peak of the T-wave. In addi-
tion, the presence of an apico-basal repolarisation gradient on the left ventricle
(LV) developed in the latter half of the T-wave. An inverse relationship be-
tween APD and activation time was observed across the LV suggesting that
activation pattern is a determinant of epicardial APD. In conclusion, the lack
of a prominent epicardial repolarisation gradient during the first half of the
T-wave suggests that regions other than the epicardial surface are responsible
for the initial deflection.
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Enhanced Differentiation of Stem Cell Derived Cardiac Myocytes by Elec-
tronic Expression of IK1 Reveals an Atrial-Specific Kv1.5-Like Current
Aaron D. Kaplan1, Agnieszka Lis1, Thomas R. Cimato2,
Emmanuel S. Tzanakakis3, Qinlian Zhou1, Michael J. Morales1,
Randall L. Rasmusson1, Glenna C.L. Bett1.
1Physiology and Biophysics, SUNY, Buffalo, NY, USA, 2Medicine, SUNY,
Buffalo, NY, USA, 3Chemical Engineering, SUNY, Buffalo, NY, USA.
Human induced pluripotent stem cell derived cardiac myocytes (h-iPSC-CMs)
are a major advance in drug safety testing and research into human cardiac elec-trophysiology. However, these cells have potential limitations when used for
quantitative action potential (AP) analysis. These cells are a mixture of atrial
and ventricular cell types, which can be distinguished, to some extent, by action
potential (AP) morphology. However, the spontaneous activity of h-iPSC-CMs
results in parameter variability and anomalous pharmacological responses,
leading to cell misidentification. The spontaneous behavior is largely due to
the absence of an IK1 inwardly rectifying potassium channel (IK1).
We examined the effect of using an in silico interface to electronically express
this missing IK1. An in silico interface was developed to express synthetic IK1
in cells under whole cell voltage clamp using a variant of the dynamic clamp
approach. Electronic IK1 expression resulted in a stable physiological resting
potential, eliminated spontaneous activity, reduced spontaneous early and de-
layed after depolarizations, and decreased AP variability. Stimulated APs
had a rapid upstroke and spike and dome morphology, and the readily recogniz-
able repolarization attributes of ventricular and atrial cells. When examining
the late components of outward current, we found that APs classified on the ba-
sis of AP morphology as ‘‘atrial-like’’ had a significantly larger sustained out-
ward Kv1.5-like component atþ50 mV than ‘‘ventricular-like’’ APs (in pA/pF:
1.76 5 0.47 (n=6) vs. 0.74 5 0.07 (n=7), p<0.05) but similar peak outward
currents: (4.005 0.36 (n=6) vs. 3.715 0.21 (n=7), p>0.4). These data indi-
cate that h-IPSC-CM myocytes with synthetic expression of IK1 can easily be
differentiated into ventricular-like and atrial-like myocytes by AP morphology,
and that atrial-like cells exhibit an atrial-specific current.
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PLB Drives the Kinetics of the Ca2D Clock in Mouse Isolated Sinoatrial
Nodal Cells and the Intrinsic Heart Rate in vivo
Syevda Sirenko, Ismayil Ahmet, Edward G. Lakatta.
NIA, Baltimore, MD, USA.
The coupled-clock pacemaker cell theory predicts that changes in the charac-
teristics of Ca2þ pumping into sarcoplasmic reticulum (SR) underlie changes
in sinoatrial nodal cells (SANC) AP firing rate and the intrinsic heart rate
(IHR) in vivo. We hypothesized that the absence of phospholamban (PLB) in-
creases Ca2þ clock performance and the IHR. We measured: the IHR during
double autonomic blockade in 3MO
PLN-/- mice and in age-matched control
(WT); the SR Ca2þ load (by caffeine spritz)
and spontaneous ryanodine receptor (RyR)
local Ca2þ releases (LCRs) by confocal mi-
croscopy in permeabilized single SANC
clamped at 100 nM [Ca2þ]i. The IHR of
PLN-/- was significantly higher than WT
(Fig. A) and was accompanied by an in-
crease in SR Ca2þ loading (Fig. B). The
LCR frequency, duration and Ca2þ signals
amplitudes (mm*ms*DCa2þ nmol/L) were
markedly increased (Fig. B); the integrated
Ca2þ signal of the LCR Ca2þ ensemble
(mm*ms*DCa2þ nmol/L) was 3 fold higher
in PLN-/- vs. WT (p<0.05, n=7-10 cells).
Conclusion: PLB regulation of SR Ca2þ
cycling is a crucial determinant of Ca2þ
clock function in vitro and of the IHR
in vivo.3192-Plat
Burst Pacemaker Activity in NCX1 Knockout Mice: Is it Funny Current?
Angelo Giovanni Torrente1, Audrey Zaini1, Ashley Rosenberg1,
Rui Zhang1, Jeanney Kang1, Kenneth D. Philipson2, Joshua I. Goldhaber1.
1Heart Institute, Cedars-Sinai Medical Center, Los Angeles, CA, USA,
2Department of Physiology, David Geffen School of Medicine at UCLA,
Los Angeles, CA, USA.
The cardiac Sodium-Calcium exchanger (NCX1) is the dominant Ca efflux pro-
tein in SinoAtrial Node (SAN) cells. NCX1 has also been implicated in the gen-
eration of pacemaker activity, through the ‘‘Ca clock’’. To study SAN pacing in
the absence of NCX1, we created an atrial-specific NCX1 KO mouse using a
Cre/loxP system under the control of the endogenous sarcolipin promoter.
NCX1 KO mice have complete AV block and no P waves. The latter is caused
by conduction interference between SAN and atria. To test the hypothesis that
SAN pacemaking can be maintained by funny current (If) in the absence of
NCX1, we recorded Ca transients (using Cal 520 and high speed 2D confocal
imaging) in an ex vivo tissuepreparation that included the SAN, right atrium
and left atrium. At ~36C, the SAN pacemaker rate was 5.350.3Hz in WT
(n=14) but only 250.2Hz (n=17) in KO. The pattern of pacing in KO was char-
acterized by frequent bursts of Ca transients alternating with long pauses.
632a Wednesday, February 19, 2014During bursts in KO, the rate was comparable to WT (4.150.3Hz). WT SANs
(n=5) showed a 70.556.1% increase in rate after exposure to the b-adrenergic
agonist ISO (10mM), while KO showed no increase in average rate. However,
when considering only rate during burst activity in KO, 6 out of 10 KO SANs
responded significantly to ISO 10mM (52516% increase). The specific If inhib-
itor ivabradine (IVA, 9mM) reduced the spontaneous pacemaker rate in both
WT (n=6) and KO (n=8) SANs (4459% and 58.956.8% decrease, respec-
tively), and even during the bursts in the KO (36517.9% decrease). Thus,
NCX1 KO SANs can generate bursts of pacemaker activity similar to WT.
These bursts are responsive to both ISO and IVA, consistent with If-mediated
pacemaker activity despite the absence of NCX.
Platform: Micro- and Nanotechnology II
3193-Plat
Membrane-Spanning DNA Nanopores. Biomimetic Chemical Structures
for Single-Molecule Research and Nanotechnology
Jonathan R. Burns1, Kerstin Go¨pfrich2, James W. Wood3, Vivek V. Thacker2,
Ulrich F. Keyser2, Eugen Stulz3, Stefan Howorka1.
1University College London, London, United Kingdom, 2University of
Cambridge, Cambridge, United Kingdom, 3University of Southampton,
Southampton, United Kingdom.
DNA nanotechnology excels at rationally designing bottom-up structures that
can functionally replicate naturally occurring proteins. We describe the design
and generation of stable self-assembled DNA-based nanopores that function-
ally mimic membrane protein pores and insert into lipid bilayers to support
transmembrane water flow. The DNA nanopores consist of a bundle of six hex-
agonally arranged duplexes which are interconnected by cross-overs. The nega-
tively charged nanobarrels carry lipid anchors to facilitate the pores’ insertion
into the hydrophobic bilayers. The lipid anchors either neutralize localized
negative charges on the DNA backbone to create a hydrophobic belt to
resemble amphiphilic protein pores, as demonstrated with alkylated phosphor-
othioate groups (Nano Letters, 2013, 13, 2351). Alternatively, anchoring can be
achieved with few, large hydrophobic
group such as porphyrin which doubles
as fluorophore (Angew Chem, doi
anie.201305765, Front Cover). The nano-
architectures are correctly assembled as
confirmed by AFM, SEC, and DLS, and
are fully functional as shown by single-
channel current recordings. The small
membrane-spanning DNA pores merge
the fields of nanopores and DNA-
nanotechnology and will help open up
the design of entirely new molecular de-
vices for applications within single-
molecule research and sensing, electric
circuits, catalysis, and nanofluidics.3194-Plat
Optical and Electrical Analysis of Suspended Lipid Bilayer Microarrays
Formed by Mechanical Liquid Spreading on Horizontal Planar Microelec-
trode Cavity Arrays
Juan Miguel Del Rio Martinez, Gerhard Baaken, Jan C. Behrends.
University of Freiburg, Freiburg, Germany.
Over the recent years, we have developed a chip-based platform containing a
4x4-array of Ag/AgCl-electrodes in microcavities (6-50mm diam., depth 8-
20mm) structured in SU8 (Microelectrode-Cavity-Array, MECA) and demon-
strated its application in parallel single molecule detection using biological
nanopores in bilayers formed by manual painting (Mu¨ller-Rudin procedure).
Exploring ways for automation, we found that by spreading lipid/solvent mix-
tures using a remotely actuated effector highly satisfactory results could be ob-
tained. Here, we use electrical (voltage-clamp) and optical (fluorescence-
microscopy) methods to study the formation and morphology of the resulting
microbilayers. Despite the difference in geometry between standard
‘‘through-hole’’ apertures and ‘‘blind-hole’’ cavities, the resulting bilayers
show classical morphology, i.e. including a lipid-solvent annulus that appears
continuous with the lipid-solvent mixture
wetting the SU8-surface (Fig.1). It is likely,
that these microbilayers are also formed by
the thinning process described for standard
apertures. This thinning process is, how-
ever, greatly accelerated: following auto-
mated bilayer formation in the presence of
the pore-forming peptide gramicidin, chan-nel events, signaling a bimolecular state of the lipid membrane, could be
observed as early as 1050ms after the initial resistance increase (Fig.1).
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Multiplexed Microfluidic Device for Parallel Electrophysiological Mea-
surements on Independent Planar Lipid Bilayers
Alexander Prokofyev, Verena Stimberg, Johan Bomer, Hans de Boer,
Albert van den Berg, Se´verine Le Gac.
MESAþ Institute for Nanotechnology, Enschede, Netherlands.
Bilayer lipid membranes (BLMs) are excellent platforms to study ion channels
in a functional environment, and for drug screening assays. However, conven-
tional electrophysiological BLM approaches do not meet the requirements for
high throughput experiments due to the large volumes utilized, and the exten-
sive manual procedures involved. In that context, microfluidics is a promising
format to develop new platforms for high throughput electrophysiological mea-
surements on ion channels incorporated in BLMs.
Previously, we reported a simple microfluidic device for experimentation on
BLMs (Stimberg, Small, 2013), and here we describe a multiplexed device
along the same line, which contains 3 BLMs, each being optically accessible
and independently electrically addressable. Due to the larger footprint, bonding
of the device turned out to be a challenge and required thorough optimization.
Furthermore, a novel procedure was developed for BLM formation: it consists
of 3 pipetting steps, and is therefore easily amenable to automation using pipet-
ting robots. BLMs were prepared using DPhPC (25 mg/mL) in n-decane, and
measurements were conducted in 1 M KCl 10 mM HEPES buffer (pH 7.0).
First, BLMs were formed successfully in the different apertures of the device.
Next, they exhibit good stability over time upon continuous application of a 100
mV voltage, as well as excellent electrical properties (RSEAL= 27.954.9 GU;
CMspec = 0.7750.02 mF/cm
2 & IRMS = 500550 fA for 100-mm diameter aper-
tures (n=6)), enabling low noise single channel recordings. Finally, first exper-
iments conducted on pore-forming Gramicidin demonstrated a well-defined
single channel behavior with a chord conductance of ca. 33 pS at 100 mV.
We will report the fabrication of the multiplexed device, together with its thor-
ough characterization, membrane preparation, as well as multiplexed measure-
ments on various pore-forming peptides and proteins (e.g., gramicidin, alpha-
hemolysin, OmpF).
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Electroformation of Uniformly Sized Giant Liposomes with Functional
Membrane Proteins
You Jung Kang, Harrison S. Wostein, Sheereen Majd.
Bioengineering, Pennsylvania State University, State College, PA, USA.
Giant proteoliposomes mimic natural cell membranes and provide excellent
models for membrane biophysical studies such as membrane phase separation,
lipid-protein interactions, and functional studies of membrane proteins. Here,
we present a simple and versatile approach for producing a large number of
uniformly-sized giant proteoliposomes in a parallel fashion. This approach
that combines the versatile technique of hydrogel-based microcontact printing
and the commonly used technique of electroformation is efficient, low-cost,
and doesn’t require any specialized equipment. The resulting liposomes are
attached to the surface in an array format, enabling rapid data collection for sta-
tistical analysis of membrane processes. We applied these vesicles for moni-
toring lipid-protein and protein-protein binding interactions. Alternatively,
liposomes can be easily detached from the surface to produce a large number
of giant liposomes with functional membrane proteins. We employed these ves-
icles for studying the channel activity of
aquaporin protein and for monitoring mate-
rial transport across lipid membranes. This
approach may further be applicable to pro-
duce giant polymerosomes with increased
stability compared to liposomes. The pre-
sented method can, hence, be useful in bio-
materials, biotechnology, and biosensing
applications as well as in the biophysical
fundamental studies.3197-Plat
DNA Sensing with the MspA Nanopore using Variable Voltage
Ian M. Derrington, Kyle W. Langford, Andrew H. Laszlo,
Elizabeth Manrao, Henry Brinkerhoff, Jacquelyn E. Blum, Jens H. Gundlach.
Physics, University of Washington, Seattle, WA, USA.
We use an engineered mutant of the protein nanopore Mycobacteria smegmatis
porin A (MspA) to examine single stranded DNA. The ssDNA is either held
stationary within the pore by a biotin-streptavidin anchor or is processively
drawn through the pore by a phi29 DNA polymerase. By applying a voltage
and measuring an ionic current passing around the ssDNA confined within
